A pproximately one-third of the world's population has increased blood pressure, a leading cause of cardiovascular morbidity and mortality. In such individuals, the left ventricle is subjected to higher subacute and sustained wall stress due to high pressures and muscle stretch. The heart normally responds to such increased loading by augmenting its contractility within minutes, thereby maintaining cardiac output. This response was first attributed to Anrep in 1912, 1 yet nearly 100 years later, its underlying mechanisms still remain unclear. Most existing data focuses on the myocyte signal, showing stretch-induced activation of angiotensin type 1 and endothelin-1 receptors, leading to enhanced intracellular calcium through the sodium-hydrogen exchanger (NHE-1) 2 and/or transient receptor potential (TRP) channels. 3 Extracellular signal-related kinase (ERK1/2), which stimulates NHE-1, may also be important. 4 Yet, myocytes are not directly stressed in intact muscle but must receive the signal through mechanotransduction pathways involving matrix structural and signaling proteins. 5 Which of these proteins mediate the Anrep effect is unknown.
On the basis of our own and published data in stressed left ventricles, we hypothesized that thrombospondin 4 (TSP-4), 6 posed an intriguing candidate. TSP-4 is a matricellular protein whose gene expression is among the most profoundly upregulated in hearts with pathological remodeling in humans 7 and experimental animals. 8, 9 Each of the 5-member thrombospondin family contains epidermal growth factor-like type II domains (EGF-like repeats), calcium-binding type III repeats, and a highly conserved C-terminal domain. TSP4 is a pentamer that has been linked to the regulation and cross-linking of matrix proteins. 10 Human TSP4 is predominantly expressed in cardiac and skeletal muscle; however, its role in regulating mechanical responses is unknown. We studied mice with a global knockout of tsp4 (tsp4 subacute loading stress, revealing TSP4 to be central for matrixmyocyte mechano-transduction.
Methods

Tsp4
Ϯ mice were obtained from The Jackson Laboratory and bred in our facility to derive tsp4 Ϫ/Ϫ and littermate controls (tsp4 ϩ/ϩ ), backcrossed onto a C57BL/6 background for 12 generations. An expanded Methods section is available in the Data Supplement at http://circres.ahajournals.org.
Results
TSP4 Is Upregulated by Acute and Chronic Stress
Rat cardiomyocytes subjected to 60 minutes of 10% cyclic stretch at 1 Hz displayed a 2-fold rise in gene expression ( Figure 1A ), whereas intact hearts subjected to 3 weeks of transaortic constriction (TAC) displayed a near 40-fold increase ( Figure 1B ). Tsp4 Ϫ/Ϫ mice served as negative controls.
TSP4 ؊/؊ Hearts Appear Normal But Fail to Respond to Acute or Chronic Stress
Tsp4
Ϫ/Ϫ mice were born in normal Mendelian ratios with normal appearance, behavior, and lifespan. Whole myocardium microarray revealed few differentially expressed genes in tsp4 Ϫ/Ϫ versus controls, primarily some reduced extracellular matrix genes (Online Table I ). Baseline cardiac structure and function out to at least 1 year (Online Figure I and Online Table II) , and isolated myocyte function and calcium transients both at rest and with isoproterenol stimulation were similar to littermate controls (Online Figure II) .
In contrast, tsp4 Ϫ/Ϫ hearts failed to respond normally to an acute rise in left ventricular afterload. Acute TAC in normal hearts immediately reduced ejection fraction, yet over the ensuing 30 minutes, contractility increased as denoted by a leftward shift of the pressure-volume loop and restoration of stroke volume (ie, Anrep effect) ( Figure 1C, left) . In tsp4 Ϫ/Ϫ hearts, the immediate response to higher afterload was similar, but the subsequent rise in contractility was absent and replaced by a decline in function ( Figure 1C , right). Summary data confirmed this disparity in chamber response ( Figure 1D ). Acute TAC stimulated stretch-response kinases ERK1/2 and Akt 11 in controls but not in tsp4 Ϫ/Ϫ hearts ( Figure 1E ). The increase in pressure load was similar in both genotypes (Online Figure III) and therefore could not explain the different responses.
The disparity in short-term afterload response translated to worsened adaptations to chronic overload ( Figure 2 ). Within 48 hours after TAC, tsp4 Ϫ/Ϫ hearts showed greater dilation/ dysfunction, and this increased further in the ensuing 3 weeks. Controls showed full compensation (no dilation, preserved ejection fraction) at 1 week and less dysfunction after that. Thus, lack of TSP4 limited the heart's ability to mount an early compensation to TAC. Interstitial fibrosis assessed with a qualitative scale (0 -3, eg, none to severe) rose similarly in both groups (0.9Ϯ0.13-1.7Ϯ0.2 for WT, 0.9Ϯ0.14 -1.8Ϯ0.1 for tsp4 Ϫ/Ϫ ). Figure 1 . Impact of loading stress on TSP4 expression, and of TSP4 gene silencing on intact heart acute pressure-overload response. A, Rat neonatal myocytes plated on a flexible Silastic-bottom dish and subjected to 5% cyclic stretch (1 Hz). Tsp4 mRNA increased Ϸ2-fold after 1 hour of stretch (nϭ3 each). B, TSP4 mRNA from tsp4 ϩ/ϩ and tsp4 Ϫ/Ϫ hearts at baseline and 1 week after transverse aortic constriction (TAC). C, Left ventricular PV loops recorded in tsp4 ϩ/ϩ and tsp4 Ϫ/Ϫ hearts. In tsp4 ϩ/ϩ , acute aortic constriction increased pressure load and acutely resulted in a decline in cardiac function and a marked rise in systolic pressure (data shown after 1 minute). However, by 30 minutes, the loop shifted leftward, displaying recovery of contractility (bold line). In tsp4 Ϫ/Ϫ hearts, the acute response was followed by a gradual increase in chamber volume and a decline in contractility. D, Summary data (changes shown normalized to baseline) for end-diastolic volume (EDV), end-systolic volume (ESV), left ventricular ejection fraction (LVEF), and dP/dtmax, versus time. #PϽ0.05 for tsp4 ϩ/ϩ versus tsp4 Ϫ/Ϫ . nϭ6 in each group. E, Phosphorylation of ERK 1/2 and Akt in controls is diminished in tsp4 Ϫ/Ϫ hearts after 15 minutes of TAC.
Abnormal Stretch Activation in TSP4
Both were observed in control cardiac trabeculae ( Figure  3A) ; however, tsp4 Ϫ/Ϫ muscle only displayed the acute FS component; thereafter, force declined ( Figure 3B and 3C) . Ca 2ϩ rose gradually in control but not tsp4 Ϫ/Ϫ muscle after stretch ( Figure 3D and 3E ). This defect was restored by preincubation with recombinant TSP4 monomer for 15 minutes ( Figure 3F ). This efficacy from such a short period of incubation favors a signaling action of TSP4 rather than its modifying fundamental matrix structure.
Slow Force Response Is Normal in TSP4
؊/؊ Myocytes TSP4 is expressed in both interstitial cells and myocytes. To test its role to mechanical responses in the myocyte itself, we studied isolated adult cells using a carbon fiber force-length Servo control system. 13 Cells were set to contract auxotonically, and data were analyzed by net developed force and by forcesarcomere length relations. Unlike intact heart and muscle, myocytes from both control and tsp4 Ϫ/Ϫ hearts displayed similar acute and slow force responses ( Figure 4A ). The ability of the stretch activated channel blocker GsMtx-4 to suppress the myocyte SFR was tested as a positive control ( Figure 4B ).
Discussion
This study reveals TSP4 as an essential protein linking the imposition of subacute myocardial stress to the heart's capacity to adapt by augmenting intracellular myocyte calcium and improving contractility. TSP4 is known to function as a matrix-modulating protein, and our myocardial microarray data support this. Yet, its absence had no impact on the immediate contractile response to stretch (FS) in whole heart, muscle, or isolated myocytes. By contrast, the slow force ϩ/ϩ and tsp4 Ϫ/Ϫ hearts at baseline and after 7 days of TAC. Tsp4 Ϫ/Ϫ animals had greater chamber dilation. B, Representative echocardiograms (short-axis view) from tsp4 ϩ/ϩ and tsp4 Ϫ/Ϫ mice at baseline and 2 and 7 days after TAC. Early and persistent cardiac dilatation and reduced function in tsp4 Ϫ/Ϫ was observed by day 2 and persisted at days 7 and 21 after TAC. Summary data for end-diastolic dimension (EDD), end-systolic dimension (ESD), left ventricular posterior wall thickness (LVPWS), left ventricular ejection fraction (LVEF), and LV mass are shown in C. #PϽ0.05 for tsp4 ϩ/ϩ versus tsp4 Ϫ/Ϫ .
response (Ca 2ϩ -coupled) was absent, but this was only in whole heart and muscle, not in myocytes. One interpretation of these data is structural, wherein TSP4-collagen interactions are required to sustain an imposed matrix stress to the myocyte (eg, minutes versus 1 beat). However, the fact that exposure to TSP4 monomer rapidly restored delayed force augmentation in tsp4 Ϫ/Ϫ muscle favors an alternative signaling role. With this model, signaling is required only if matrix is present, because the myocyte response was normal with or without TSP4 and it also implies a negative influence of sustained and stressed matrix on myocyte function that is normally countered by TSP4. Upregulation of TSP4 in stress-induced cardiac disease would be viewed as adaptive, offsetting such negative signaling.
One limitation of our study is that tsp4 Ϫ/Ϫ mice were a global knockout, and it is possible that effects beyond the heart were affected, particularly in the chronic TAC experiment. For example, TSP4 has been linked with vascular inflammation and atherogenesis 14 and could be activated by vascular distension. However, the load-response behavior that we observed in 10 minutes is probably not related to such changes nor to enhanced protein expression, and the recapitulation of the behavior in isolated muscle reduces the likelihood that this reflects vascular modulation.
The precise interactome coupling TSP4 matrix-to-myocyte remains to be determined, though one possibility is through its EGF-like motifs, as transactivation of EGFR is an upstream component of the Anrep effect, 4 and TSP4 EGF-like repeats can activate EGFR in other tissues. 15 The fact that tsp4 Ϫ/Ϫ hearts failed to activate ERK1/2 after acute loading the mechanics and Ca 2ϩ data, as the kinase maybe important to the Anrep effect, 4 whereas Akt activation has been coupled to integrin-mediated mechano-transduction. 16 Further studies will be required to ϩ/ϩ but not tsp4 Ϫ/Ϫ muscle in response to stretch. E, Summary data for calcium transients to acute and sustained muscle stretch. *PϽ0.003. F, Percent change in developed force after acute stretch in tsp4 ϩ/ϩ and tsp4 Ϫ/Ϫ muscle preexposed to TSP4 monomer. TSP4 did not alter the response in tsp4 ϩ/ϩ (compared with C) but restored it in tsp4 Ϫ/Ϫ myocardium. *PϽ0.02 versus tsp4 ϩ/ϩ and tsp4 Ϫ/Ϫ hearts contracted auxotonically before and after imposition of 5% stretch. Top panels show force versus time, and lower corresponding panels show force-sarcomere length (SL) relations. With acute stretch, there was a rise in force (b) from baseline (a) reflecting the Frank-Starling dependence. Over the ensuing minutes, force rose further (c). Corresponding lower panels show force-sarcomere length loops for these myocytes, with the gradual rise in contractility indicated by the upward and leftward shift of the end-systolic point (arrow). Unlike intact heart and muscle, the slower force rise was similar in both genotypes in isolated myocytes. B, In both strains, preincubation with the stretch activated channel blocker GsMTx-4 prevented the delayed augmentation in contractility but had no impact on the acute rise in force with length stretch. C, Summary data for percent change in developed force versus time for both genotypes with or without GsMTx-4. dissect these mechanisms, and these will likely require a preparation with both myocyte and matrix as their interaction appears central to TSP4 regulation. Our results, coming nearly 100 years after Anrep's description, shed new light on the mechanism coupling subacute myocardial stress and contractility and identify TSP4 as a potential therapeutic target to further enhance adaptive cardiac stress responses. 
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Novelty and Significance
What Is Known?
• Cardiac muscle and whole hearts subjected to an acute systolic (afterload) stress respond by gradually increasing contractility within minutes coupled to a rise in myocyte calcium. This behavior is known as the Anrep effect.
• Thrombospondin 4 is a member of a small family of matricellular proteins, expressed at low levels in cardiac muscle, and is thought to serve as a matrix protein linker.
• Thrombospondin 4 expression rises markedly in hearts exposed to pressure overload, with chronic hypertrophy, and with heart failure.
What New Information Does This Article Contribute?
• Mice globally lacking thrombospondin 4 do not display the Anrep effect in either the intact heart or isolated cardiac muscle but do so in isolated cardiac myocytes.
• The absence of thrombospondin 4 worsens chronic pressure overload-induced hypertrophy and cardiac dysfunction.
• Thrombospondin 4 works as a matrix-myocyte signaling molecule, which couples muscle contractility to an increase in load.
The mechanisms by which hearts augment contractility minutes after exposure to a loading stress (Anrep effect) remain uncertain. This response is important for the heart to respond to variations in load during normal daily living and may play a role in the capacity of the heart to adapt to sustained load as with hypertension. Thrombospondin 4 (TSP4) is among the most highly upregulated genes in hearts subjected to pressure overload and it is highly upregulated in human and experimental hypertrophy and heart failure. To date, nothing is known about its role in the heart. We show that the lack of Tsp4 abolishes the Anrep response and depresses cardiac function. These effects were observed in intact hearts and isolated cardiac muscle, where normal response was restored by providing recombinant TSP4. However, isolated myocytes had a normal stress response with or with TSP4, indicating that the role of TSP4 and its interaction requires extracellular matrix. The increase in TSP4 levels in chronic disease may represent an adaptive rather than pathophysiologic response, and therapies to promote this increase or to improve its effectiveness may be beneficial in the treatment of heart failure.
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Methods:
Animals.
Tsp4
+/-mice were obtained from The Jackson Laboratory and bred in our facility. From these, tsp4 -/-and littermate controls (tsp4 +/+ ) were generated.
The TSP4 gene was inactivated by replacing 14 nucleotides in the first intron of its genomic sequence with a LacZ-neomycin resistance cassette (Lac0-SA-IRES-lacZNeo555G/Kan). When Trans-aortic constriction.
Mice were anesthetized with isoflurane (3%), the chest opened through a small thoracic window between ribs 2 and 4, and a 26 G needle placed on the transverse aorta as described 1 . This needle size was chosen to elicit a moderate response as initial studies using our standard TAC model (27 G needle) led to increased mortality in tsp -/-mice. The band was secured using a 7.0 prolene suture, the needle was then removed and the chest closed. Animals were allowed to recover and returned to the animal facility. 
Trabeculae experiments:
10-12 week-old male tsp4 +/+ and tsp4 -/-mice were anesthetized with inhaled isoflurane, and then cervically dislocated. The heart was quickly excised and placed in modified Krebs-Henseleit KH solution, and field stimulated at 0.5 Hz. Force was measured using a force transducer (Scientific Instruments GmbH, Heidleberg, Germany). Calcium transients were measured using the fluorescent dye fura-2AM (Invitrogen). The muscle was diffusionally loaded for 30 minutes, dye excited at 340 nm and 380 nm, and emitted fluorescence measured at 510 nm using a photomultiplier tube (R1527, Hamamatsu, Japan). The ratio of fluorescence emission from 340 nm excitation and 380 nm excitation, R, was calculated after subtracting background fluorescence. The length at maximal force L max was established, and then reduced to 92%. After steady state, the muscle was stretched from 92%-98%L max , and force and calcium simultaneously recorded over the ensuing 10 minutes. In a second set of experiments, muscles were pre-treated for 15 minutes with 400 pM recombinant human TSP4 (R&D Systems, Minneapolis, MN), and the slow force response was measured.
Myocyte Isolation and Physiologic Analysis
Adult cardiac myocytes were freshly isolated from tsp4 -/-mice and from littermate (WT) controls as described 3 . Briefly, hearts were quickly removed from the chest after euthanasia and the aorta retroperfused at 100 cmH 2 O and 37ºC for ~3 min with a Ca 2+ -free bicarbonate-based buffer, gassed with 95% O 2 -5% CO 2 . Following enzymatic digestion, dispersed myocytes were filtered through a 150 µm mesh and gently centrifuged at 500 rpm for 30 seconds. The pellet was re-suspended in Tyrode's solution with increasing Ca 2+ (1 mM), and cells then incubated for 15 min with 3 µmol/l Fura2-AM (Invitrogen, Molecular Probes, Carlsbad CA) in Tyrodes (1 mM Ca 2+ ). After rinsing, cells were placed in a perfusion chamber with a flow-through rate of 2 ml/min, and sarcomere length and whole cell Ca 2+ transients recorded using an inverted fluorescence microscope (Nikon, TE2000), and IonOptix (Myocam®) software.
Force-length measurements. The single cardiomyocyte force-length measurement system has been described by Nishimura et al. 4 . Briefly, a rod-shaped quiescent single cardiomyocyte was selected under a microscope and a pair of carbon fibers was attached to both ends using 4 micromanipulators. Two compliant fibers were used, each digitally controlled by piezoelectric translator (Physik Instrumente, P-841-80). Cells were electrically stimulated at 0.2 Hz with 15-ms pulses. Cardiomyocyte sarcomere length and carbon fiber tip displacements were recorded at 120 Hz and analyzed in real time using IonOptix (MA) equipment and software. Cells were stretched to 105% of slack length for the studies, and active and passive force (F) determined from fiber bending given by F = K(DL P -DL F ), where K is the effective stiffness of the compliant carbon fiber, DL F is the change in distance between the two carbon fibers, and DL P is the displacement of piezoelectric translator.
Neonatal stretched myocytes experiments:
Rat neonatal cultured cardiomyocytes were stretched on a Flexcell system. Myocytes were plated on a flexible silastic-bottom dish and subjected to 10% cyclic stretch (1Hz).Supernatant (media) was aspirated, and trizol reagent was added to extract total RNA. RT-PCR was then performed. 
Western Blot Analysis:
Histology and interstitial fibrosis determination: Myocardial fibrosis was determined from
Masson trichrome stained paraffin-embedded myocardial sections, examined using standard as well as polarized light illumination. A total of 4 slides from each heart, from a total of 5 hearts from each group were analyzed. All slides were scored by an expert operator blinded to tissue source using a semi-quantitative scale (0=absent; 3=marked fibrosis). Supplemental data references. 
